A new simple and cheap method to grow large scale SiC-SiO 2 nanocables on catalyzed Si substrate directly is presented. The method is based on the thermal decomposition of methanol. The grown nanocables consisted of crystalline 3C-SiC and amorphous SiO 2 . A simple etching and oxidation process was used to analyze the contribution of SiC and SiO 2 components to photoluminescence.
INTRODUCTION
Silicon carbide, a wide bandgap material, is attracting tremendous interest due to its outstanding properties such as high hardness, high thermal conductivity, high breakdown field strength, and high electron saturation drift velocity. Unfortunately, the indirect band gap of SiC prohibits its application for light emitting devices. In connection with the discovery and interpretation of visible photoluminescence (PL) in porous silicon 1 fabricated by etching cylindrical channels via an electrochemical etching procedure into bulk silicon sample, numerous publications have been written assigning the outstanding ultravioletblue emitting properties to nanostructured SiC. [2] [3] [4] Compared to bulk material, notable improvement in PL has been achieved with SiC nanostructures such as nanowires, nanoparticles, and nanocables. [2] [3] [4] [5] [6] [7] Recently, several researchers have reported the synthesis of core-shell SiC-SiO 2 nanocables and their strong ultraviolet-blue emission. [2] [3] [4] The strong ultraviolet-blue emission was observed in not only SiC nanowires but also amorphous SiO 2 nanowires. 8 Hence, one can expect ultraviolet-blue emission from SiO 2 shell layers as well as SiC core of SiC-SiO 2 nanowires, but there is no systematic report with respected to the contribution of SiC cores and SiO 2 shells on ultraviolet-blue emission from core-shell SiCSiO 2 nanocables. Moreover, the PL measurement results * Author to whom correspondence should be addressed. and the shapes and sizes of grown nanowires were different when different growth methods were used.
2-4 9 10
In this paper, we present a new method to grow SiCSiO 2 core-shell nanostructure and use simple oxidation and etching of SiC nanowires to study the PL contribution of SiO 2 and SiC parts.
EXPERIMENTAL DETAILS
In our growth of 0.09 cm (111) Si substrates (about 2 × 2 cm 2 ) were directly used as the silicon source. The Si substrates were first ultrasonically cleaned in an acetone bath for 20 min followed by cleaning with deionized water for 2 min. Then the catalyst mixture solution {[0.01 M Ni(NO 3 2 + 0 01 M FeCl 3 ]/ethanol solution} was dropped onto Si substrates and dried in air at 80 C. The mixing ratio of the two catalysts was 19:1 in volume ratio, and the thickness of catalyst layer was about 500 nm. Catalyst-coated Si substrate was located into the quartz reaction tube. Before raising the temperature, the quartz reaction tube was purged by 1,000 ml/min of Ar gas flow for 1 h. Gaseous methanol was produced through the bubbler using Ar as carrier gas. The gas flow ratios between Ar and Ar/ethanol were 10:2 in volume, and the whole gas flow rate was held on 200 ml/min through the entire reaction process. The growth was carried out at 1,050 C for 3 h. After reaction, the surface of Si substrate was whitecolored. Three kinds of samples-as-grown, etched, and oxidized-were prepared for characterization. The SiO 2 shell layer was removed by etching in 5% hydrogen fluoride (HF) aqueous solution. Since the etching rate of SiO 2 in 5% HF solution is 0.25 nm/s, 11 etching for 60 s was sufficient to remove the SiO 2 shell layer from the surface of SiC core entirely. The oxidation of SiC-SiO 2 nanowires was carried out in dry air at 1,150 C for 1 h. The photoluminescence (PL) was measured at room temperature using a 325 nm He-Cd laser line as an excitation source.
RESULTS AND DISCUSSION

Morphology and Structure of SiC Nanowires
The scanning electron microscopy (SEM) image of asgrown nanowires is shown in Figure 1 . It is clearly seen that highly dense and uniformly distributed nanowires have been grown on the Si substrate ( Fig. 1(a) ) and that most of the nanowires do not exceed 50 nm in diameter ( Fig. 1(b) ). The nanowires rarely change in diameter and are relatively straight. Massive growth of nanowires allows us to get comparably correct information from the nanowires.
X-ray diffraction (XRD) measurements were performed with three kinds of sample, as-grown, etched, and oxidized. In Figure 2 , the peaks of (111), (200), (220), and (311) from the XRD pattern with as-grown nanowires are consistent with the standard face-centered cubic (fcc) cell of 3C-SiC (JCPDS card No. 73-1665), which has the lattice constant of a = 0 4349 nm. A broad peak centered at about 23 also appeared from the as-grown nanowires. XRD pattern after oxidization revealed only a broad peak centered at about 23 , which can be assigned to amorphous SiC, implying full oxidation of the nanowires. After etching the nanowires in a 5% HF solution for 60 s, this broad peak almost disappeared, and only the peaks of 3C-SiC were revealed. The existence of a broad peak centered at about 23 from the as-grown nanowires implies the coexistence of crystalline SiC and amorphous SiO 2 . A sharp weak peak centered at 28.6 in curve (c) comes from the silicon substrate. The intensity of the SiC (111) peak from the as-grown nanowires higher than that from Si substrate implies that massive nanowires have been grown on the Si substrate. SEM observation (not present here) showed that some nanowires were removed during etching. The lowering of SiC peaks from the etched sample seems to relate to the removal of the nanowires. Figure 3 shows TEM images of as-grown nanowires and oxidized nanowires. An obvious core-shell nanostructure is seen in Figure 3(a) . The selected area electron diffraction (SAED) pattern shows that the core is crystalline SiC and the shell is amorphous material. Compared to the XRD pattern from the as-grown nanowires, it is reasonable that this material assigns to SiO 2 . The mean diameter of the SiC core is estimated to be 12 nm, and the mean thickness of the SiO 2 shell is estimated to be 17 nm from the TEM image in Figure 3(a) . From the SAED pattern in Figure 3(b) , one can know that all nanowires were fully oxidized by the oxidation at 1,050 C for 3 h in dry oxygen.
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Contribution of SiC Cores and SiO 2 Shells to Photoluminescence
In order to distinguish the contributions of SiC core and SiO 2 shell to PL, we prepared three kinds of samples, i.e., as-grown, etched, and oxidized. PL spectra clearly showing the differences among the three samples from the three kinds of samples are displayed in Figure 4 . The PL intensity was strongest in the as-grown nanowires and lowest in the oxidized nanowires. The PL spectrum of the as-grown sample showed a broad band centered at ∼3.01 eV. After oxidization, the position of maximum intensity of PL was shifted to ∼3.09 eV, and the emission intensity of the blue side was weakened. In the etched sample, the maximum position of intensity (2.85 eV) was somewhat red-shifted compared with the as-grown sample, and the emission intensities of the ultraviolet-violet and the blue-green sides were weakened. Especially, the ultraviolet-violet intensity was weakened after etching. To understand the differences of three PL spectra, it will be helpful to recall some PL results of silica glasses and amorphous silica nanowires. Nishikawa et al. 12 observed several luminescence bands in various types of high purity silica glass with different peak energies ranging from 1.9 to 4.3 eV under 7.9 eV excitation. They attributed the 2.7 eV band to the neutral oxygen vacancy (≡Si-Si≡ , while the 3.0 eV band was attributed to some intrinsic diamagnetic defect center, such as the two-fold-coordinated silicon lone-pair centers (O-Si-O). Yu et al. 13 measured the PL property from amorphous silica nanowires synthesized by an excimer laser ablation method and assigned the two bands centered at 3.0 and 2.65 eV to the twofold-coordinated silicon lone-pair centers (O-Si-O) and to the neutral oxygen vacancy (≡Si-Si≡ , respectively. The weaknesses of ultraviolet-violet and blue-green emission bands after etching seem to relate to the removal of these structural defects existing in amorphous silica outer layer. These defects are clearly due to oxygen deficiency in sample preparation. Generally, oxygen deficient silica glass showed a strong 2.7 eV PL band. 12 The weakness of the blue-green emission after oxidation in the air is thought to relate to the decreases of oxygen vacancies during oxidation. The origin of PL from SiC nanowires is not well understood, and different shapes of PL spectra are reported.
2-4 9 10 14 15 Our comparative analysis with three kinds of sample clearly confirmsthe 3.01 eV emission band from SiC nanowires. Compared to emission bands from bulk materials, this band was obviously blueshifted. Based on theoretical calculation with SiC-SiO 2 nanowires, 16 it is difficult to expect the one-dimensional quantum effect from our SiC core, which has a mean diameter of 12 nm. The PL band of etched nanowires is also different from that of surface defects, which are generally below 2.8 eV. 10 It is well known that the amount of stacking faults typically structured with 6H, 4H, and 2H exist in 3C-SiC nanowires. The bandgaps of such stacking faults are wider than 3C-SiC, but the single crystalline 6H, 4H, and 2H materials reveal very weak light emission due to their indirect bandgap features. Iwata et al., 17 in their review of theoretical work on various stacking faults in silicon carbide, predicted the quantum confinement effect by stacking faults. Based on their explanations, a spontaneous polarization takes place around each hexagonal turn (turning point in the zigzag stacking sequences) in 3C-SiC, which is quite strongly localized at the turn. These electric dipole moments build the strong localized electric fields on both sides of the narrow regions of the turn, which is directed in opposite direction along the c-axis, with the lower ends positively charged and the upper ends negatively charged. In other words, there is a potential barrier in the conductive band at the boundary of each hexagonal fault. These potential barriers will constrict electrons within each of the hexagonal stacking faults, which have turning points at both ends. As a result, each hexagonal stacking fault may act as a free-standing nanosheet. On the other hand, when the diameters of SiC nanowires approach a few nanometers, their indirect bandgap structures are converted into direct bandgap structures. 18 This could be well explained by the anisotropic effective mass of 3C-SiC and brillouin-zone folding of bulk bands. Therefore, the violet-blue emission from 3C-SiC nanowires may be originated from the abundant nano-sized stacking faults existing within 3C-SiC structure, and its strong intensity can be understood to be caused by the conversion of the indirect bandgap structures into the direct bandgap structures of nanosheets and the resultant rising of emission efficiency.
CONCLUSIONS
Large scale SiC nanowires have been directly synthesized on a Si substrate without an additional silicon source via the thermal decomposition of methanol. The synthesized nanowires had core-shell structures. Simple etching and oxidation methods were used to distinguish the contributions of the SiC and SiO 2 components to PL from SiC-SiO 2 nanowires. The existenceof the SiO 2 layer on the SiC core strongly enhanced the ultraviolet-violet PL intensity. The possible origins of PL bands from SiO 2 shell and SiC core were discussed.
